Abstract. This paper builds on the now classical discussions by Bowen [1980] and Bailard [1981] on the applicability and implications of Bagnold's [1963] sediment transport model to nearshore profile modeling. We focus on the morphologic implications of both the strengths and weaknesses of Bagnold's model, isolating the transport terms that are well predicted (i.e., mean flow terms) from those that are not well predicted (i.e., transport due to correlations between flow and sediment load). We factor Bagnold's model into a dimensional transport magnitude and a nondimensional term. The nondimensional term describes the relative importance of transport due to undertow, gravity, and correlations between flow and sediment load. The transport magnitude largely determines the response time of nearshore profiles. For typical nearshore environments this response time was estimated to vary as a function of incident rms wave height (Hrms) from ----500 years (Hrm s "• 0.5 m) to 2 years (Hrm s '-" 3 m). The relative importance of competing transport mechanisms is shown to depend strongly on the relative wave height (defined as the ratio of the rms wave height to the local depth). Simplified nearshore transport parameterizations that are a function of this variable were derived and were interrogated for the existence and form of equilibrium profiles. Several differences from previously computed equilibrium profiles were noted. First, because the relative wave height saturates in natural surf zones, equilibrium profiles converge to a relatively flat profile near the shoreline. Second, under some situations a seaward sloping equilibrium profile may not exist. Third, the long response times combined with unknown stability of an equilibrium profile make it difficult to assess the physical connection between theoretical equilibrium profiles and profiles observed in nature.
Introduction
At present, accurate prediction of nearshore bathymetric change at all relevant scales is impossible. Part of the difficulty is that the relevant scales span a very broad range, from millimeters (individual sand grains) to kilometers (the cross-shore width of the surfzone) and tens of kilometers (alongshore extent of littoral cells). The largest spatial scales are particularly important because they contain the majority of the spatial and temporal variability of nearshore bathymetric change [Lippmann and Holman, 1990; Plant et al., 1999] . These are also the spatial and temporal scales that characterize human interactions with the coast. Unfortunately, the difficulty in modeling and prediction is acute at the largest scales, since evolution at this scale requires the integration over all smaller scales [Roelvink and BrOker, 1993] .
likely that Bagnold's [1963] approach (i.e., one of parameterization), rather than his results (i.e., specific parameterizations), could lead us to improved prediction of nearshore transport and the ensuing bathymetric evolution. This is the approach that Ballard [1981] suggested would lead to improved prediction of large-scale patterns of sediment transport.
The intent of this paper is to add to the theoretical discussions of Bowen [1980] , Ballard [1981] , and others on the morphologic implications of Bagnold's [1963] sediment transport model. Our discussion differs from previous process-based studies that have used Bagnold's model in that we do not investigate how the morphologic response is affected by adding or varying hydrodynamic parameterizations, which are often simply used to force the Bagnold transport model [e.g., Roelvink and Stive, 1989 ]. Instead, we investigate how variations in a simplified sediment transport parameterization, which is based on a fixed, small set of hydrodynamic processes, affect morphologic response. Another important difference between this and previous studies is our use of field observations of sediment transport to guide our empirical search for transport parameterizations. Because we will compute equilibrium profiles and use them to describe the morphologic implications of each transport formulation, we will not consider parameterizations that specify morphologic response a priori, such as requiring an approach to a predetermined equilibrium profile [e.g., Larson and Kraus, 1995] .
We take the following steps to achieve our goals. In section 2.1 we identify some very simple models of hydrodynamic processes associated with cross-shore-directed, wave-driven flow. Then, in section 2.2 we apply the hydrodynamic model to a generalized form of Bagnold's [1963] bed load formula. The exercise yields transport associated with a mean flow and transport due to a sloping bed, consistent with previous work [e.g., Bowen, 1980; Bailard, 1981 ]. An additional term is added to this result in order to account for processes that drive onshore transport. This term would be the term associated with, for example, velocity skewness if Bagnold's formula were taken literally. In section 3 the assumptions made in the simple model are tested by comparing predictions to colocated velocity, pressure, and concentration measurements, which were obtained over a 6-week period on the Dutch coast. In section 4 we present a detailed discussion of the morphologic implications of the transport model. The model is used to predict equilibrium profiles, corresponding to constant offshore forcing conditions. We demonstrate the effect that several different transport parameterizations have on the equilibrium profile. Also in section 4 characteristic morphologic timescales associated with an approach to equilibrium are estimated. Finally in section 5 we summarize the conclusions drawn from the theoretical and observational results. 
Theory

Simplified Hydrodynamics
where we use a sign convention with the positive direction pointing onshore (see Figure 1) . Equation (4) is a simplified form of many existing undertow models, which have been shown to be reasonably accurate [Masselink and Black, 1995] . More complicated forms include, for example, stronger sensitivity to wave breaking and a more detailed description of the vertical structure of the mean flow [Stive and Wind, 1986; Haines and Sallenger, 1994; Stive and de Vriend, 1994] . Linear wave theory can be applied to the random wave heights (or amplitudes) that are observed in nature in order to derive a statistical description of the flow. Given a narrowband random wave spectrum, wave amplitudes are Rayleigh distributed [Cartwright and Longuet-Higgins, 1956 
where the second form is in terms of the so-called relative wave height [Ruessink et al., 1998 ], which we define as y = Hrms/h.
The relative wave height will play an important role in the following development of a sediment transport formulation.
Sediment Transport
The local, depth-integrated and time-averaged sediment transport rate is obtained from the time-averaged product of the depth-uniform velocity, U, and the sediment load, S:
Again, the time average (indicated by overbars) is taken over a period that is short compared to the morphologic timescale. The sediment load, S, is the depth-integrated mass of sediment per horizontal square meter:
where C is the sediment-mass concentration (kg sediment)/(m 3 water column). It is natural to decompose the transport into a mean and fluctuating component. Not only does this help to illustrate the contribution of various processes to the total transport, but it makes a clear division between the terms that Bagnold's [1963] original flow model considered (i.e., mean flow component) and those that have been shown to be poorly modeled (i.e., onshore transport associated with velocity fluctuations). The second term in (8) is, by definition, the cross covariance between the sediment load and the velocity, which can be redefined as S' U' = Rs, 0-s0-u.
Because the sediment load is a positive quantity, its mean and standard deviation are likely related to each other. This relationship depends on the pdf of sediment load values. For example, if a Rayleigh distribution is a good model for the sediment load pdf, then % • 0.5S. We will assume that % = c •S, where c • is a constant of O (1). (The parameter c • may be a function of sediment properties.) By substituting this "trick" into (10), the result, along with the mean flow prediction of (6) into (8), yields Q: -+ .
The term outside of the braces in (11) scales the potential magnitude of transport, and it may be thought of as a sediment "stirring" term. The nondimensional terms inside the braces control, primarily, the direction of transport, describing the balance between several competing transport mechanisms.
Given an arbitrary depth profile and offshore wave statistics, a simple wave transformation model [e.g., Thornton and Guza, 1983 ] can be used to predict the rms wave height over the entire profile. Thus it is possible to predict the values of o-, (via (5)) and y (via (7) Bagnold [1963] assumed that the mean normal stress exerted by the weight of the bed load is supported, on average, by the mean tangential stress. The tangential stress is the applied bed shear stress from the fluid flow, r, plus the downslope contribution of gravity. Bagnold hypothesized that the ratio of the tangential to normal forces was equal to the tangent of the angle of repose, S# sin/3 + r-= S# cos/3 tan •b,
where S is the sediment load defined in (9), p• is the sediment density, and /3 is the beach slope, which is negative for a seaward slope. This slope definition describes the depth gradient, such that tan/3 = ah/ax. An explicit expression for the sediment load is obtained if the magnitude of the fluid shear stress term always exceeds the magnitude of the downslope gravitational term. For simplicity, we assume that the bed slope is much smaller than the angle of repose. These assumptions are the same as those of Bowen [1980] The underlying sediment load model (equation (13)), shear stress model (equation (14a) 
where we have inserted the velocity variance prediction of (5) in terms of the rms wave height. Equation (19) exposes some properties that are shared by most transport formulae and are directly relevant to nearshore morphologic evolution. First, the potential magnitude of transport (those terms outside of the braces, which are always positive in sign) scales with the cube of the rms wave height. An increase in the local wave height leads to a nonlinear increase in the transport and, potentially, the rate of morphologic response. Second, the magnitude of transport decreases nonlinearly with increasing water depth. This is consistent with the longer response time of outer sandbars (T m of several years), compared to inner sandbars (T m less than a year), which were quantified from bathymetric surveys at Duck, North Carolina [Plant et al., 1999] . Finally, the relative importance of slope, undertow, and sediment-flow correlation determines the direction (onshore or offshore) of transport. Before we can investigate the role that this balance plays in morphologic evolution, we must specify the form of the correlation term, R øther AS an alternative to continued theoretical development, we choose to extract a suitable empirical formulation for this term from an analysis of field data. We will use the theory developed so far to guide our use of empiricism.
The "Gaussian" superscript indicates that this result is for purely Gaussian velocity distributions (and total faith in equation (13)), which drive downslope and downcurrent transport.
Presumably, there is at least one more term that accounts for the effect of other wave and sediment transport processes (such as wave nonlinearity, threshold of grain motion, effect of ripples). In particular, we are missing any term that will account for onshore transport in the presence of an offshore sloping bed. This heuristic argument suggests that we substitute into (11) 
Equilibrium
Because beach slope is included in the transport formulae (equations (19) and (21a)-(21c) ), there is the potential for the slope term to balance the other transport terms, resulting in zero net transport at a point. If the transport vanishes everywhere, then an alongshore-uniform profile is at a state of morphologic equilibrium, since the gradients in transport, which drive profile change, also vanish. We can interrogate the originally derived transport formulation (equation (19)) and the generalized form (equations (21a)-(21c)) to determine conditions that allow morphologic equilibrium, and we can determine the equilibrium profile shapes that are consistent with these equations.
In ( The predicted steep slope (equation (22b)) is prominent in the seaward part of profiles when the incident wave height is not saturated. In all cases, the slope approaches a nearly constant value, as y (not shown) reaches a saturation value (-0.3). An interesting feature of these profiles is the wave height dependence of the intersection point between the steep offshore profile and the flat saturation profile. As the wave height increases, the saturation point moves offshore, as does the kink in the profile. Although not necessarily realistic, this feature is suggestive of a "breakpoint" bar (or, perhaps a breakpoint low-tide terrace). The different equilibrium profiles contain different sand volumes. If a natural system is to change from one equilibrium shape to another, deposition or erosion of the subaerial beach or offshore shelf is required. Thus, in cases with limited sand availability (such as a wave tank) it may not be possible for the beach system to attain all equilibrium configurations. Figure 10b shows examples of the equilibrium profiles calculated using the equilibrium slope specification obtained from (21c), in which r(y, tan/3) = 0 indicates equilibrium. Values of the coefficients werep = 2, ro = 2.25, r• = 0.5, and Yc = 0.3. These values are consistent with the example in Figure  10a , and they ensure a negative slope (offshore-facing bathymetry) when the relative wave height reaches saturation. The primary difference between the profiles in Figure 10b and those shown in Figure 10a is the concave up shape in the offshore part of the profile, which is more consistent with earlier work [e.g., Dean, 1977; Bowen, 1980] and more typical of natural beach profiles. In the onshore direction the concave profile intersects a nearly planar profile as a result of wave height saturation. As in Figure 10a, The convex profiles (or portions of profiles) are at odds with the classical "h = x 2/3" forIll [Bowen, 1980] . However, it is not clear that the profiles shown in Figures 10a and 10b are significantly less realistic than the classical prediction, which indudes an infinite slope at the shoreline. Even Dean's [1977] analysis discovered convex profiles (probably -10% of all cases). Interestingly, the profiles shown in Figures 10a and 10b show a high degree of self-similarity (as do profiles fitting the "h -ax m" family), corresponding to a stretching of the horizontal and vertical axes. Dean's profile analysis would classify the profiles in Figure 10b as either concave or convex, depending on the offshore extent of the measurements.
Profile Response Time
It is often assumed that beaches asymptotically approach an equilibrium shape, which depends, in part, on the incident wave conditions. This will occur only if the equilibrium profile is, in fact, stable. The stability of the equilibrium profile has not been demonstrated here or in any other nearshore profile model. On the other hand, the presence in nature of apparent instabilities, such as rhythmic sandbars, suggests that not all equilibrium states are stable. Recent stability analyses show that the nearshore profile may be unstable [Trowbridge, 1995; Falques et al., 1998 ]. These stability studies have been restricted to forcing by alongshore currents. A stability analysis of the equilibrium profiles derived here is clearly a logical next step, but this is beyond the scope of this paper.
If, however, we assume that equilibrium profiles are stable, then the relevance of a particular equilibrium state also depends on the response time associated with the approach to that state. A characteristic, morphologic response time that is short relative to the timescale of variations in the forcing indicates that it may be possible to find a profile near equilibrium. If the response time is relatively long, then it may be unlikely to find a profile in equilibrium, although the profile may still strive toward equilibrium.
A response time can be estimated from the sediment conservation equation for cross-shore transport: The effect of grain size, handled explicitly only in suspended load formulations via the fall velocity, is conspicuously missing from the parameterizations that we have presented (although grain density is included). Grain size effects ought to appear in two places. The first is in the assumed constant parameter c • (equation (11)), which is the ratio of concentration standard deviation to mean concentration. A reasonable trend is probably that of c • increasing with grain size. Large grains, which have larger fall velocities, will drop out of the water column quickly and give rise to large temporal variability in the sediment load (large c •). In the limit of very fine grains the grain response time becomes infinitely long, and the sediment load is eventually characterized only by the mean load (c 1 ---> 0) . Likewise, the correlation term (i.e., R•øtuher in equation (18b)) is affected by the grain size. Grains with long response times will be advected back and forth many times by the near-bed velocities [Hay and Bowen, 1993] , and, potentially, the sediment load fluctuations will become uncorrelated to the velocity fluctuations. On the other hand, the movement of coarse grains should be more strongly correlated to the near-bed velocities. Variations of the parameters c• and Rsøtuher in the manner just described yield predicted equilibrium slopes that are steeper for coarse grains (see (22b) or (22c)) and flatter for fine grain sizes.
Conclusions
The approach taken in this paper differed from similar analyses by Bowen [1980] and Ballard [1981] . We have added to their discussion by considering the morphologic implications associated with strengths and weaknesses of the popular Bagnold [1963] model for sediment transport. We isolated the nearshore transport terms that Bagnold's model predicts well (i.e., mean flow) from those that are, apparently, not well predicted (i.e., transport due to correlations between fluctuations in flow and sediment load). In addition, we factored the model into a dimensional transport magnitude and a nondimensional term. The nondimensional term described the relative importance of transport due to undertow, gravity, and correlations between flow and sediment load. Using a bed load formulation for simplicity, the dimensional magnitude term was predicted to increase with wave height cubed, and this term increased inversely with water depth (raised to the 3/2 power). An important conclusion is that the magnitude of transport determines, in part, the response time of nearshore profiles. For typical nearshore environments this response time was estimated to range from 500 years (Hrm s = 0.5 m) to 2 years (Hrm s = 3 m). These response times are exceedingly long when compared to the timescale associated with changes in nearshore forcing, which is O(1 day). Both the theory and observational data presented here suggested that the relative wave height, y = Hrms/h , is the primary variable to include in a parameterization of the relative importance of several cross-shore sediment transport mechanisms. A general form for this parameterization was derived through heuristic arguments based on Bagnold's [1963] theory and on observational data. We conclude that the combined influences of mean flow, flow-sediment correlation, and slope can be well modeled with a polynomial dependence on the relative wave height and linear beach slope dependence.
Simplified parameterizations of nearshore transport were interrogated for the existence and form of equilibrium profiles. Several differences from previously computed equilibrium profiles were noted. First, because the relative wave height saturates in natural surf zones, all equilibrium profiles converged on a relatively flat profile near the shoreline. This differs from the predicted slope steepening encountered in "x2/3"-type models. Second, under some situations a seaward slopi, ng equilibrium profile was not found. Interestingly, the nearshore system does not explicitly exclude these conditions. Third, the long profile response times combined with unknown stability of an equilibrium profile make it difficult to assess the practical relevance of equilibrium profiles. If profiles actually evolve toward equilibrium (a stable situation), then the profiles observed in nature must be some sort of weighted average of all possible equilibria. The weighting function probably favors conditions with large wave heights, since these conditions have the shortest response times.
